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A. BACKGROUND
In 1976 a study was initiated by the NASA Water and Liquid Waste Treatment Advisory Task Group (WLWTATG) to study the chemical treatment of cooling tower waters. The study was initiated by a desire to unify the many different materials used by the various NASA centers. Results of this initial Phase I work indicated that all th° chemical materials examined were effective in treating cooling tower waters, if administered according to the manufacturer's recommendations (Reference 1-1).
During the Phase I chemical investigations, a nonchemical treatment system was also examined. This system consisted of an electrical device, located in the make-up water line, and a ,mall ozone generator in the recycle line. Initial use of this system proved very effective in removing scale and maintaining a sanitized and de.scaled condition. Later it was determined that the electrical device was ineffective and only the ozone, injected into the tower water, was producing the desired scale control. Ozonation appeared to work for a time and t:pn failed.
It became evident that additional work would be requ-:ed to define and resolve the ozonation problems.
B. DISCUSSION
Ozone (See Appendix A) is the strongest oxidizirti agent available for use in pollution control and water treatment. It has been in general use in Europe for over 70 years to disinfect, deodorize, and decolorize potable water. Ozone has been proposed and used in conjunction with other devices and chemicals for cooling tower applications. However, most utilized the ozone as a disinfectant to replace chlorine and other types of nonoxidizing biocides. Several American entrepreneurs have marketed cooling tower treatment systems containing ozone generating capabilities coupled with other methods to prevent corrosion and control scaling.
Past cooling tower studies have shown that a major cause of scaling can be related to the organic and biological content of the water in the system (Reference 1-2). It wa--theorized that if control of these materials could be maintained, the system would be free of scale depo3i-tion and corrosion. One simple approach to ti4e control of the organic materials was destruction by the use of ozone. Ozone is a powerful oxidizer and is known to be able to destroy most organic and biological contaminants with the production of carbon dioxide (CO2 ). This C09, dissolved in the water, can combine with the soluble calcium ion to form a precipitate or it can force the equilibrium back to the more soluble calcium bicarbonate salt. In either case, the net result is the prevention of scale buildup in the system by removing slimy organic materials; these materials function a3 a matrix that holds the precipitated hardness components in the heat exchanger tubes. With destruction of this organic 1-1 mucilage, the calcium carbonate clumps into small nodules that can be removed as sand from the reservoir basin.
Experience in the Federal Republic of Germany (Reference 1-3) has shown that the &r r ,)wth of microorganisms can be accelerated in waste water previously ozonated. This indicates a breakup of the more refractory materials into shorter chain molecules. Water clarity may be related to these short chain materials that cause "microflocculation" of the organics into hardness components after "conditioning" with ozone. Ozone appears to be able to modify the natural humic acid components into synthetic-like polymers that provide these flocculation properties. These polymers can also trap hardness materials within the formed floc. More polar components are formed during ozonation, which change the adsorbability characteristics of the precipitated hardness materials. Inorganic materials such as iron, aluminum, and manganese present in the water are oxidized by ozone to hydroxides. These hydroxides can also act as coagulants. Negatively charged colloids entering the cooling tower in the air stream can be neutralized by 0 3 , which can act with a positive charge. Thus contaminating materials are removed by the combination of decomposition, oxidation, charge neutralization, and flocculation.
A Phase II program was designed and submitted to the WLWTATG, .requesting that ozone be examined as the sole cooling tower treatment material. Cost estimations indicated major savings in energy, water consumption, and chemicals could be realized if ozone alone could be shown to be an effective treatment. Additional savings would be realized by the standardization of treatment at all NASA centers.
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SECTION II OBJECTIVE AND RELATED QUESTIONS
The objective of the original Phase II plan included a provision for studying the effectivities of nonchem ical water treating devices. In view of the excellent results being obtained with the ozonation experimentation, a request to eliminate the nonchemical devices was made and granted.
Specifically, the Phase II effort was authorized and begun with the objective of evaluating and characterizing the most effective methods of using ozone. Additional questions were also to be addressed during the program such as:
How effective is ozone and how long can its effectivity be maintained?
(2) How can ozone be &;ded to the system, how can it be monitored?
What materials will withstand ozone?
(4) How many cycles of water concentration use can be maintained?
What are the effective concentrations in the water?
(6) Can low-cost ozonation equipment be constructed?
During this Phase II study, the engineering consultant firm at Brown and Caldwell (Reference 2-1) approached JPL and regvested the right to examine the cooling tower ozone experiments. The st , idy was funded by the Electric Power Research Institute (EPRI) in San Francisco, to ascertain the implications of ozone treatment for power plant use. Several sites were being surveyed that used ozone in various ways including some in conjunction with electrical devices. Principal subjects of the Brown and Caldwell study were: ADC Studios, Burbank, California; JPL, Pasadena, California; Bullock's Department Store, Sherman Oaks, California; Bullock's Main Department Store, Los Angeles, California; and Duke University Medical Center, Durham, North Carolina.
The Brown and Caldwell study was dFsigned to examine the following:
Material compositions of all make-up and recirculating waters, including scaling or corrosion parameters.
(2) Methods of ozone addition and monitoring for control.
Concentration3 ati:+ effects of trihalomethanes, oxidant residuals, trace metal contaminants, and biological populations.
Results of this testing program and the recommendations of Brown and Caldwell indicated that ozo:.e treatment warrants further study for application at electric power plants. One very important conclusion of the Brown and Caldwell study is in agreement with JPL's findings (see Section V), namely that the limits of applicable conditi,ous must be determined, i.e., temperatures, concentrations, effects on the environment, and costs.
.,
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SECTION III APPROACH AND PREPARATION
In a meeting with the JPL Plant Maintenance and Service Section of the Facilities Division, it was decided to utilize three standard cooling towers for this study. Towers were selected on the basis of size, type of construction, and ease with which results could be monitored in the associated heat-exchanger equipment. None of the towers were cleaned or chemically prepared in any way. Heat exchangers were cleaned with inhibited hydrochloric acid. The conditions of all the tube bundles were examined before placing the systems on ozone.
Cooling towers chosen for the study were of different sizes, i.e., 
A. TOWERS
The three towers chosen were of different constructions and also located in different service atmospheres. Each tower system was equipped with an ozone generator as follows:
(1) Tower Number 200: ;a small Source Gas Analyzers ( SGA) ozone generator (producing 0.7 g/h of ozone) was installed. Because of the ozone dwa d of this location, the unit was rebuilt to produce 1.4 g/h. It was later substituted with a larger homemade unit able to produce 4.8 g/h. After the program was begun, it was determined that dry air was essential to the production of ozone. Therefore the following equipment Was procured, constructe r', and installed on the towers as indicated:
Tower Number 201) and Tower Number 215: two 0.014-m (2-1/2-in) diameter by 0.923-m (3-ft) long glass desiccant tubes were constructed aad filled with three pounds of silica gel (colored blue to indicate a dry condition -colored tan or pink when exhausted). These columns were attached to the ozonators with plumbing to allow one column to be used at a time. Semidry, plant-compressed air v:as run to the dryers. Provision was also made uo remove and regenerate the silica gel when it indicated 9xhaustion. air was supplied to this unit and the air from the unit was run through a desiccant column described above.
D. CORROSION METER
A Magma Corrater was installed on Tower Number 215. Only one electrode rrobe assembly was supplied with the instrument so another one was constructed. This allowed both steel and copper corrosion rates to oe determined. Relative corrosion rates could now be compared with the actual corrosion coupons.
E. CORROSION COUPONS
Each tower system had c corrosion coupon holder installed. Copper and steel coupons were used in the return flow lines from the heat exenangers.
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OZONE INJECTION SYSTEMS
(1) Tower Number 200: ozone was originally injected into the suction side of the recirculating pump used for the cooling tower. This was changed to a venturi aspirator zed into the tower reservoir through a small line on the pressure side of the recirculation pump.
(2) Tower Number 215: ozone was injected into the suction side of a small 559.5-W (3/4-hp) centrifugal pump and recycled into the tower basin. Packing in the pump required frequent changing due to the sensitivity to ozone. A venturi aspirator was installed on the pressure side of a pump submerged in the sump and the ozone fed into the partial vacuum. This line discharged into the tower reservoir.
(3) Tower Number 238: this system was originally set up with a recirculation pump feed but was later changed to the aspirator method to prevent ozone attack to the pump.
G. TOTAL SOLIDS CONTROL
Each cooling tower system had a small adjustable total dissolved solids controller (Presto-Tek) installed on the blow-down line. The device was set at different total solids on each tower.
H. FLOW METERS
Flow meters were installed on the make-up water lines of each tower.
I. pH
A pH was monitored in each tower using a portable instrument.
J. OZONE MONITOR
An efficient instrument for monitoring ozone could not be located; therefore, ozone concentrations were determined by two alternate methods:
(1) A Hach ozone test kit (Model OZ-1): this kit based on orthotolidine (see Appendix D) produces an intense yellow color directly proportional to the ozone concentration.
Interferences of iron and manganese were removed with sodium arsenite solution.
(2) Iodometric titration: this method is more sensitive than the above test. It involves the oxidation of potassium iodide to iodine in acid solution (Reference 3-2).
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WATER BACTERIA POPULATION MONITOR
A total-count test kit (Mogulab Kit II) was obtained for use in the field to monitor the disinfectant level of performance of the ozonated water in the towers. rF This cooling tower was located in the maintenance area where it was subjected to paint solvent vapors and hydrocarbon materials from cutting oils. The system was outfitted with ozone on April 5, 1978, using a generator producing 0.7 grams of ozone per hour. Tubes in the heat exchanger had previously been cleaned (March 30, 1978) with inhibited acid. Little or no algae kill was experienced during the first week of operation at a generated ozone level of 0.010 mg/kg/h (9.3 mg/ton/h). Actual ozone concentration in the water was 0.010 mg/l. This low level of ozone was caused by the high ozone demand of the materials being drawn through the cooling tower water.
After a week of operation, the ozone generator was removed, torn down and rebuilt with a design developed at JPL. This modification doubled the ozone production to 0.020 mg/kg/h (18.7 mg/ton/h).
A total solids controller was installed on the blow-down line, and the recycling water set to a total dissolved solids (TDS) content of approximately 1000 mg/1. The system required flushing with sulfamic acid after one month of operation because of algae and scaling. Also, the ozone concentration could not be maintained. Troubles were also experienced with the design of the corona tube generators. Shorting developed at the high-voltage terminals, which necessitated redesigning the hardware and the method of attaching the leads.
By June of 1978, it w?z, decided that the concentration of ozone was not sufficient to t:-eat this system due to the high influx of oxidizable material. Therefore, another generator was installed and the produced ozone raised to a level of 0.070 mg/kg/h (64 mg/ton/h). This dosage proved sufficient to maintain a disinfected and clean system. It has been operating up to the present time.
Other problems were encountered that involved the feeding and mixing of the ozone into the water. This problem has not been completely solved; however, it was determined that the best method to date is to add the ozone by aspirator and not into the suction side of a pump.
Tower Number 200, after eight months of continuous operation on ozone,was drained and the reservoir cleaned of sand-like solids. The heat exchanger was inspected and found to be in good condition with little or no scaling (water in this system has been used for approximately 14 cycles [cycles of concentration]). The tower condition is good. Heat exchangers hale been examined every three months and are in excellent condition. Scaling can be detected on areas of the transite slats of the tower where the water evaporates. This is due to the high concentration of dissolved solids in the water. Hardness materials such as calcium carbonate are being precipitated in the tower reservoir as a sand. Periodic removal of this sand has been accomplished by vacuuming the basin.
Evaporation rate and drift rate have averaged approximately 11,355 liters (3000 gal) per day. This has caused a leveling off of the TDS in the system. It was desired to increase the TDS to a level comparable to the ozone treated tcwers at the National Broadcasting Company (NBC) (See Appendix E). NBC has been operating 277 x 10 8 -J (2200-ton) cooling towers at a TDS level of 13,400 mg/1, with most of the TDS contributed by sodium chloride. Ozone is injected into the NBC recirculation water at an estimated rate of 0.0029 mg/kg/h (2.63 mg/ton/h). This concentration is only 10 percent of the JPL experience. It is believed that the high salinity content may be contributing to the operational capabilities at NBC. Another anomaly noted was in the comparison concentrations of nitrates between JPL and NBC. Air drying equipment is utilized at JPL whereas NBC does not appear to maintain a separate air drying capability (see Appendix F). Nitrogen compound accumulation at NBC seems to be 2-1/2 times that at JPL. Nitrate concentration can also contribute nutrients for algae growth, which will increase the overall ozone demand in the system. Concentration of the dissolved solids in Tower Number 215 is being maintained at approximately 3000 mg/1. Ozone was initially injected at a rate of 0.017 mg/kg/h (16 mg/ton/h). This rate was found to be insufficient for this system as biological slimes developed. The rate of ozone addition was increased to 0.024 mg/kg/h (21.6 mg/ton/h) an^i the slimes disappeared. pH of the water increased to 8.0 and has remained constant.
As the TDS in the tower system increased, the indicated concentration of ozone increased in the recirculating water. It was theorized this was due to the oxidation of chlorides to chlorine. The stability of chlorine in the water is measured in hours due to the formation of hypochlorous acid, but ozone is decomposed very rapidly under the same conditions (see Appendix G).
C. COOLING TOWER NUMBER 238 [44.1 x 10 8-J (350-ton)]
An 8-g/h ozone generator was installed on this tower on March 31, 1978. Plant air was piped into a refrigerated dryer. A total solids controller was placed on the blow-down line. It was desired to maintain a TDS level of approximately 700 mg/l in this system. The heat exchangers were cleaned before starting ozone but the tower was not cleaned. Six 4-2 days after an ozone rate of 0.025 mg/kg/h (23 mg/ton/h) was achieved, the scale coating on the plastic fill began falling off. Tower water became cloudy and the basin had to be vacuumed after nine days of running. Scale solids continued to be removed from the fill material and required several additional vacuumings.
Ozone was being injected into this tower through the suction side of a bronze, 559.5-W (3/4-hp) centrifugal pump. After two months of running, the pump had to be repaired because of ozone attack. The resistances of other materials are indicated in Appendix H. It was j decided to inject the ozone with an aspirator on the pressure side of the pump. To date, this cooling tower and system has been ``unctioning for nine continuous months without any chemicals or maintenance.
D. CORROSION
Coupon holders were built and installed on each of the three tower systems. Each holder contained mild steel and copper specimens. 
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Some pitting was observed upon cleaning the steel coupons. A white coating of calcium carbonate was observed on the uncleaned steel coupons along with patches of red iron oxide. The deposit observed on these coupons was different than that seen in the heat exchangers.
Black iron oxide appears to be the material generated on the steel surfaces of the exchanger heads. Copper coupons appeared identical to the originals before exposure but slightly darker in color. The corrosion coupons confirmed the very low rate of attack with ozonated water. Water in the tower systems attains and maintains a pH of about 8.0 to 8.5.
E. OZONE CONCENTRATION
Problems have been encountered in monitoring the concentration of ozone '.n the waters of the towers. Using the orthotolidine reagent (see Appendix D), inconsistencies were noted between the iodometric titration, amperometric and the commercial test kit. An interesting observation noted was the effect of the TDS on the ozone concentration. As the TDS increased, so did the ozone concentration test results.
f Additional testing to determine the cause was beyond the scope of this study.
An ozone detecting electrode was noted in the literature, but the manufacturer (Delta Scientific) was unable to supply a unit for testing. 
S J SECTION V CONCLUSIONS AND RECOMMENDATIONS
Ozone has been shown to be an effective treatment for coolingtower water. It was shown to attack and re.nove existing scale deposits. Since no adulterating chemicals were used, the blow-down and tower drift were ecologically acceptable. The water circulating in the tower basins was always crystal clear without objectionable odors. Raw-water usage was greatly reduced along with the energy and operational maintenance costs.
Actual mechanisms responsible for the workability of ozone are not known. There are indications that micro-organisms and the products of their metabolism are heavily involved in the scaling and corrosion processes, and it is possible that the products of ozone destruction are responsible for coagulated and precipitated hardness components. There is, however, a need to detect and monitor the ozonation operation. This experimentation utilized a continuous generation and injection into the system of small amounts of ozone. A more efficient system could be designed if the concentration could be automatically monitored and the production of ozone adjusted to the varying conditions of the system. Ambient atmospheric conditions should be related to tower conditions and used to control the ozone application. Because the application and use of ozone appears critical, a very important parameter is the fail-safe alarm. After a system has been acclimatized to ozone, any interruption in ozone service for more than approximately 48 hours (the exact time is not yet established) can cause extensive scaling. Some form of alarm or action signal (such as increasing blow-down flow) is required to prevent heat exchanger problems.
Efficient methods of injecting ozone in the system are also needed. To obtain maximum use of the smallest quantity of ozone, it is very important to obtain good and rapid mixing in the water. Most methods using bubbling or injection into a moving stream or pump are not sufficient. These methods are also contrary to Henrys law of mass transfer of gases into a liquid. when the bubble of ozone bursts at a water/air interface, the undissolved ozone is released into the gas phase and dissipated. As much as 30 percent of the ozone is lost in this way.
Ozone can be a great asset in reducing cooling tower costs and saving energy. It can also prevent the dumping of ecologically unacceptable material into waterways. The stud) , of ozonation in cooling Lowers should be continued to:
Identify the limits of temperature, ambient conditions, and ozone concentrations cn operational characteristics.
(2) Monitor and detect ozone concentrations to allow adaptation to automatic contr;,,.
Examine the effects of ozone on the water and the materials produced. Oxidant residuals should be identified and relative toxicities determined.
Engineering evaluations and new designs for water-type cooling equipment and cost analyses should be generated.
(5) Test ozonation in a larger-size system to determine scaleability.
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Ozone is a gas and a natural ingredient of the earth's atmosphere. It is generated by the action of solar ultraviolet light (short wavelengths) on oxygen atoms in the stratosphere. Ozone is also produced by natural electrical discharges such as lightning. Ozone is second only to fluorine in the electronegative oxidation potential and will oxidize most organic materials and a great many inorganic substances. Its reactions are very numerous. It is an ideal bactericide and virucide. The decomposition product of the unused or unreacted ozone is simply oxygen.
Ozone is an allotrophic form of oxygen. An ozone molecule contains three atoms of oxygen whereas an oxygen molecule contains only two atoms. This extra oxygen atom produces the great differences in the properties of the two materials.
Due to he unstable nature of ozone, it must be produced where and when it _B to be used. At present there is no known method of safely storing ozone. It has been liquidized but it is verl sensitive to explosion in that state. There are three major methods for the production of ozone; (1) ultraviolet light, (2) electrical corona or spark discharge, and (3) the electrolysis of perchloric acid. Most commercial ozone generators operate on the more efficient silent electrical or corona discharge principal.
oxygen can be used as the raw material for ozone production. It is usually used for commercial applications where cryogenic oxygen is available and where the unused oxygen can be recycled into the generation equipment.
For small operations where the oxygen cannot be recycled, air is the major raw material. when air is used for the production of ozone, it must be dry. Any moisture present in the feed air (as humidity) will reduce the amount of ozone produced. Moisture in the air acts as a catalyst for the fixation of nitrogen. As the concentration of moisture increases, the amount of nitrogen pentoxide (N 20 5 ) and nitrous oxide (N20) produced increases, resulting in a decrease in the concentration of ozone. This N2 0 5 can dissolve in moisture, producing nitric acid that can then attack metal surfaces of the system.
Ozone is not considered a dangerous poison because it can easily be detected by smell in low concentr , tions. It is a strong oxidizing agent, however, and low concentratic:,is can produce nasal, bronchial, and pulmonary membrane damage. Toxicity is dependent upon two factors: concentration and length of exposure. The government has established a maximum concentration level for the gas as 0. 44 ppm (by volume) for continuous exposure. Detection of ozone by odor occurs at 0.01 to 0.02 ppm. Long before a toxic concentration is reached, the symptomatic results of coughing, nausea, and eyewatering occur. 
In the ozone determination, iron and manganese oxides interfere. A solution of sodium arsenite is used to-prevent these materials from interfering.
Reagent orthotolidine: 1.35 g of orthotolidine dihydrochloride is dissolved in 500 ml of distilled water. This solution is then added to a solution of 350 ml of distilled water and 150 ml of concentrated hydrochloric acid. The reagent is stored in dark bottles.
Sodium thiosulphate solution, chlorine neutralizer: dissolve 10 g of sodium thiosulphate in 1000 ml of distilled water. Sodium arsenite solution: dissolve 5 grams of sodium arsenite (NaAs02 ) in 1000 ml of distilled water.
B. Test
A 50-m1 sample is obtained and treated as follows:
(1) 2 ml of sodium thiosulphate solution is added and the bottle shaken.
(2) 5 ml of orthotolidine reagent added and the sample shaken. 
4.
JPL, make up water -JPL tested.
5.
Tower No. 215 -JPL tested.
6.
JPL previous make up water -JPL tested.
7.
NBC cooling tower water -Brown and Caldwell tested. •. 
